lial cells that appears to be a heparan sulfate proteoglycan (HSPG), inasmuch as their binding can be inhibited by pretreatment with either heparitinase or trypsin (13) . The binding to HSPG is an important component of the angiogenic activity of several endothelial growth factors, such as bFGF, VEGF, and IL-8 (14) . Since PF4 can specifically replace bFGF on its specific endothelial cell binding sites (15) , it is possible that a competitive mechanism accounts for the angiostatic effects of non-ELR chemokines. Recently, however, PF4 was identified as an inducer of cell synchronization (16) , which acts independently of its binding to HSPG and induces a signal transduction, thus suggesting the existence of a not yet identified specific receptor (17) . Angiostatic effects have been described in vivo for both IP-10 and Mig, which share a common functional receptor on activated T lymphocytes, named CXC chemokine receptor 3 (CXCR3) (18) . Among T lymphocytes, CXCR3 expression has been shown to be higher on Th1 cells (19) . Another chemokine, 6Ckine, was recently found to interact with CXCR3 and to exert angiostatic activity in mice (20) . However, the same chemokine does not bind CXCR3 in humans (21) .
On the basis of these data, we hypothesized that CXCR3 could account for the angiostatic and antitumor activity elicited by IP-10 and Mig both in vitro and in vivo (7) . The results of this study provide definitive evidence that CXCR3 is expressed by microvascular endothelial cells in several human normal and pathological tissues. Furthermore, we found that primary cultures of human microvascular endothelial cells (HMVECs) express CXCR3 when they enter the S/G2-M phase of their cell cycle. More importantly, we demonstrated that not only IP-10, but also Mig and I-TAC, which share high-affinity binding to CXCR3, acted as effective inhibitors of endothelial cell proliferation. Last, the inhibitory effect of IP-10, Mig, and I-TAC on the proliferation of HMVEC was blocked by the addition in culture of an anti-CXCR3 mAb. These results represent the first example of a chemokine receptor strictly associated to a cell-cycle phase and suggest that this receptor is directly involved in the control of endothelial cell proliferation, thus providing a convincing explanation for the angiostatic activity (7, 11, 13) of IP-10 and Mig.
Methods
Reagents. Two anti-CXCR3 mAb's were used throughout the study. One (IgG1, clone 49801.111) was purchased from R&D Systems Inc. (Minneapolis, Minnesota, USA), and the other (IgG1, clone 1C6) (22) was obtained from Millennium Pharmaceuticals Inc. (Boston, Massachusetts, USA). The anti-vWF rabbit polyclonal antibody was purchased from DAKO A/S (Glostrup, Denmark). Anti-cyclin A and anti-cyclin B1 rabbit polyclonal antibodies were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, California, USA). Phycoerythrin -conjugated (PE-conjugated) goat anti-rabbit and isotype control antibodies were purchased from Southern Biotechnology Associates (Birmingham, Alabama, USA). Peroxidase-conjugated antimouse IgG rabbit antibody and saponin were purchased from Sigma Chemical Co. (St. Louis, Missouri, USA). Human recombinant IP-10, Mig, I-TAC, SDF-1α, TGF-β1, and bFGF were purchased from Peprotech Inc. (Rocky Hill, New Jersey, USA).
Tissues. Specimens from normal human kidneys and from their neoplastic counterparts were obtained from five patients undergoing nephrectomy because of localized renal tumors and from biopsies of three patients suffering from glomerulonephritis. Gut specimens were obtained from normal gut tissue of three patients undergoing colectomy because of localized primitive colon cancer and from inflamed tissue of four patients undergoing colectomy for Crohn's disease or ulcerative colitis. Liver specimens were obtained from normal organs of two patients undergoing hepatectomy because of metastatic cancer and from pathological tissue of two patients explanted because of active cirrhosis. Human thyroid specimens were obtained from normal tissue of patients undergoing thyroidectomy for localized primitive thyroid cancer and from pathological tissue obtained from three patients with Graves' disease. Normal human thymuses were obtained from three children undergoing corrective cardiac surgery because of congenital abnormalities. The procedures used in this study were in accordance with the regional ethical committee on human experimentation.
Immunohistochemistry. Immunohistochemical staining was performed on 10-µm cryostat sections or cultured cells fixed in 4% paraformaldehyde at room temperature for 20 minutes. Sections were subsequently exposed to 0.03% hydrogen-peroxidemethanol solution to quench the endogenous peroxidase activity. After 30 minutes of preincubation with normal horse serum (Vectastain ABC kit; Vector Laboratories, Burlingame, California, USA), sections were layered for 30 minutes with anti-human CXCR3 mAb (49801.111, 0.5 µg/ml, and 1C6, 0.5-1.0 µg/ml), followed by biotinylated anti-mouse IgG horse antibody, and the avidin-biotin-peroxidase complex (Vectastain ABC kit), as described elsewhere (23) . As a peroxidase substrate, 3-amino-9-ethyl-carbazole (AEC; Sigma Chemical Co.) was used. Finally, sections were counterstained with Gill's hematoxylin (Merck, Darmstadt, Germany). All incubations were performed at room temperature. As negative control, the primary mAb was omitted or replaced with an isotype control-matched mAb with irrelevant specificity.
In some experiments, CXCR3 and vWF were colocalized on the same sections by double staining immunohistochemistry, according to the method detailed elsewhere (23) . Briefly, after 30 minutes' preincubation with normal horse serum (Vectastain ABC kit), sections were layered for 30 minutes with anti-human CXCR3 mAb, followed by biotinylated anti-mouse IgG horse antibody, the avidin-biotin-peroxidase complex (Vectastain ABC kit), and AEC (red) as peroxidase substrate.
Sections were subsequently exposed to anti-vWF polyclonal antibody (DAKO A/S) and Vector SG (bluishgray) was used as a chromogen. No counterstain was applied. Colocalization of AEC and Vector SG in the same cell resulted in a final purple-brown color.
RT-PCR. RT-PCR was performed using the specific oligonucleotides already described by Feil and Augustin (24) . The CXCR3 sense primer was 5′-CCACTGCCAATA-CAACTTCC, whereas the antisense primer was 5′-GCAA-GAGCAGCATCCACATC. RT-PCR was performed using a commercially available kit (GeneAmp RNA PCR; Roche Molecular Biochemicals, Mannheim, Germany), according to the manufacturer's instructions. One microgram of total RNA was reverse-transcribed with an oligo dT16 primer in the presence of MuLV RT. The resulting cDNA was amplified using a 480 Thermal cycler from Perkin Elmer-Cetus (Norwalk, Connecticut, USA) as follows: first 5 minutes at 94°C for denaturation, followed by 1 minute at 94°C, 1 minute at 55°C, 1 minute at 72°C for 40 cycles. The last cycle was terminated with 7 minutes at 72°C. Primers for β-actin were used to normalize the results. The antisense primer was 5′-CTGGT-GCCTGGGGCG, and the sense primer was 5′-AGC-CTCGCCTTTGCCGA as described previously (25) .
Cloning and sequencing of CXCR3 probe. mRNA was extracted from human thymus, reversed to first-strand cDNA and amplified by RT-PCR technique, as described earlier here. The DNA fragment of 401 bp amplified by PCR was subcloned in PGEM-T (Promega Corp., Madison, Wisconsin, USA), according to manufacturer's instructions. Sequencing of the amplified product was performed by the dideoxynucleotide chain-termination method by using 35 S-dATP and sequenase enzyme (USB, Cleveland, Ohio).
In situ hybridization. In situ hybridization was performed on frozen sections by using CXCR3 RNA probe, as described previously (23) . Briefly, the CXCR3 cDNA probe was subcloned in PGEM-4Z, and the plasmid was linearized with Hind III and Bam HI restriction enzymes, followed by phenol-chloroform extraction and ethanol precipitation. Thereafter, sense and antisense RNA probes were synthesized by using SP6 or T7 RNA polymerases in the presence of 35 S α-thio-UTP. Frozen sections were mounted onto gelatin-coated slides and fixed with 4% paraformaldehyde for 20 minutes at room temperature. Sections were subsequently treated with 0.2 N HCl, pronase, glycine, and 4% paraformaldehyde for 20 minutes and then acetylated. Thirty microliters of hybridization solution containing 8 × 10 5 cpm of 35 S-labeled CXCR3 RNA probes were applied to each section and covered with parafilm. Hybridization was performed at 52°C for 16 hours. Sections were subsequently washed, and removal of the nonspecifically bound probe by RNAase digestion and autoradiography were performed.
Combined in situ hybridization and immunohistochemistry was performed according to a technique described previously (23) . Briefly, after hybridization with the CXCR3 probe, RNAase digestion, and appropriate washings, sections were stained with the antivWF mAb and then subjected to autoradiography, as already described here.
Western blotting. After cell lysis in a buffer containing 20 mM Tris, 150 mM NaCl, 1 mM phenylmethylsulfonylfluoride, and 0.25% NP-40, 50 µg of protein were separated on 10% SDS-PAGE under nonreducing conditions and then electrotransferred to nitrocellulose membranes (Sigma Chemical Co.). Nonspecific protein binding was blocked by incubating the membranes with 1 × TBS, 0.15% Tween 20, overnight at 4°C. The blot was washed twice for 15 minutes with TBST and incubated with the anti-CXCR3 mAb (49801.111, 0.5 µg/ml) in TTBS containing 2.5% BSA) for 90 minutes at room temperature. After four 15-minute washings with TBST, peroxidase-conjugated anti-mouse IgG rabbit antibody was added for 1 hour at room temperature, and the blot was again washed four times for 15 minutes at room temperature. The detection of specific signal was performed using the ECL detection system (Amersham Pharmacia Biotech AB, Uppsala, Sweden), according to the manufacturer's instructions. Proteins were measured by the method of Bradford (Bio-Rad Laboratories Inc., Hercules, California, USA).
Cell cultures. Primary cultures of HMVECs were obtained from Cascade Biologics Inc. (Portland, Oregon, USA) and cultured in medium 131 (M131), supplemented with Microvascular Growth Supplement (Cascade Biologics). HMVECs were used between the fifth and the seventh passage. Cells were detached by using EDTA 20 mM in PBS (pH 7.2).
PBMCs were obtained from normal donors by centrifugation of heparinized blood on Ficoll-Hypaque gradient and antigen-specific CD4+ short-term T-cell lines were generated from PBMC suspensions as described previously (26) . Briefly, PBMCs were stimulated in RPMI medium containing 5% autologous serum with streptokinase (SK; 100 U/ml, Behring, L'Aquila, Italy) for 5 days. On day 6, activated T cells were expanded in the presence of recombinant IL-2 (20 U/ml; Eurocetus, Milan, Italy), and on day 15, they were assessed for CXCR3 expression.
Cultures of human mesangial cells (HMCs) were obtained from macroscopically normal kidneys of patients with localized renal tumors undergoing nephrectomy, as described previously (27) .
Flow cytometry. After saturation of nonspecific binding sites with total rabbit IgG, cells were incubated for 20 minutes on ice with specific or isotype control antibody. In the indirect staining, this step was followed by a second incubation on ice with an appropriate antiisotype conjugated antibody. Finally, cells were washed and analyzed on a FACScalibur cytofluorimeter using the CellQuest software (both, Becton Dickinson Immunocytometry Systems, San Jose, California, USA). In all cytofluorimetric analyses, a total of 10 4 events for each sample were acquired.
Cell-cycle evaluation. Single-cell suspensions were prepared and washed with cold PBS with 0.1% sodium azide. Cells were then labeled with the FITC-conjugated anti-CXCR3 mAb in cold staining buffer, and after 30 minutes of incubation, they were washed once with staining buffer and once with PBS/azide alone. Cell pellets were gently resuspended and one part (0.3 ml) of 50% FBS in PBS was added. While gently mixing, three parts (0.9 ml) of cold 70% ethanol in distilled water were added dropwise. Cells were then incubated for 2 hours at 4°C and then washed twice with cold PBS/azide to remove ethanol and precipitated protein.
Propidium iodide was added at 50 µg/ml in PBS containing 100 U/ml RNAase. Cells were then incubated for at least 30 minutes at room temperature. Samples were acquired using a FACScalibur instrument and then analyzed with the Modfit LT software (Verity Software House Inc., Topsham, Maine, USA).
Intracytofluorimetric analysis of cyclin A and B1. After saturation of nonspecific binding sites with human IgG, cell suspensions were incubated for 20 minutes at 4°C with FITC-conjugated anti-CXCR3 or isotype control mAb. Cells were then washed twice with PBS (pH 7.2); fixed 15 minutes with formaldehyde (2% in PBS [pH 7.2]); washed twice with 0.5% BSA in PBS (pH 7.2); permeabilized with PBS (pH 7.2) containing 0.5% BSA and 0.5% saponin; and then incubated for 15 minutes with rabbit anti-cyclin A, anti-cyclin B1, or isotype control antibodies. After incubation, cells were washed twice with PBS (pH 7.2) containing 0.5% BSA and 0.5% saponin, incubated for 15 minutes with PE-conjugated goat anti-rabbit antibody, washed again, and analyzed on a FACSCalibur cytofluorimeter using the CellQuest software. The area of positivity was determined using an isotype-matched mAb. In all cytofluorimetric analyses, a total of 10 4 events for each sample was acquired.
Chemotactic assay. The chemotactic assay was performed as described previously (28) . Briefly, IP-10 (100 nM) in RPMI 1640 containing 0.5% BSA or medium alone was added to the lower well of a transwell chamber (3-µm pore size, 12 wells; Corning-Costar Corp., Acton, Massachusetts, USA). Activated Th1 cells (5 × 10 6 ) were resuspended in the same buffer and loaded into the upper well in the presence of anti-CXCR3 or isotype control mAb (10 µg/ml). Cell migration was allowed to occur for 3 hours at 37°C, and cells migrated to the lower chamber were harvested and counted by FACSCalibur. Cells that migrated in the presence of medium alone served as a negative control.
Cell proliferation assays. HMVECs were detached by EDTA 20 mM (pH 7.2) and plated (4 × 10 3 cells per well) on 96-well culture plates (Nunc; Life Technologies, Gaithersburg, Maryland, USA) in medium 131 (M131) containing 5% FCS. After 24 hours, medium was replaced by M131 plus 5% FCS containing human recombinant bFGF (5 ng/ml), or human recombinant IP-10, Mig, I-TAC, or SDF-1α (10 pM-1 µM), and cell proliferation was assessed after 24, 48, and 72 hours. To this end, cells were pulsed for additional eight 8 ours with 4 µCi [ 3 H]thymidine/ml (Amersham, Roosendal, The Netherlands), then frozen at -80°C, and finally collected on glass-fiber paper with an automatic cell harvester (Tomtec; Wallac, Oy, Tonko, Finland). Radioactivity of dry filters was measured by liquid scintillation spectroscopy (1205 Betaplate; Wallac). Experiments were independently repeated with three different primary HMVEC cultures. In some experiments, 1 × 10 4 cells were in parallel cultured in 24-well plates
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The expression by endothelial cells from some microvessels in the normal part of a human kidney (×100) and from a much higher number of microvessels present in its neoplastic counterpart (×100), respectively. Inset: Higher-power magnification of some microvessels in the normal part of the kidney. ×400.
in the presence of bFGF (5 ng/ml) without or with different IP-10 concentrations, and after 72 hours, the number of viable cells was evaluated by using the trypan blue dye exclusion technique. Statistical analysis. Statistical analysis was performed using Student's t test for unpaired data considered significant at the level of P < 0.05.
Results
Detection of CXCR3 on a small proportion of microvascular endothelial cells in human tissues. By using the 49801.111 anti-CXCR3 mAb, CXCR3 expression was detected on a small number of vascular wall cells of all normal tissue specimens examined, such as thymus (Figure 1a) , liver (Figure 1c) , kidney (Figure 1e) , and thyroid and gut (data not shown), a higher signal being present over endothelial cells of patients with Graves' disease ( Figure  1b ) and in both endothelial and infiltrating inflammatory cells of the liver of patients with active cirrhosis (Figure 1d ), as well as the kidney of patients with glomerulonephritis ( Figure 1f) . No staining was found in the same tissues by replacing the primary mAb with an isotype-matched control mAb with irrelevant specificity (data not shown). To provide direct evidence on the nature of cells expressing CXCR3 in vessels of normal or pathological tissues, double immunostaining with CXCR3 and vWF was performed. A few vessels in normal tissues, but higher percentages in corresponding inflamed tissues, showed positive CXCR3 staining. A semiquantitative evaluation of these differences is summarized in Table 1 . Of note, the highest proportions of CXCR3-positive vessels were found in some kidney tumors in comparison with their normal counterparts ( Figure 1, g and h) . When the 1C6 anti-CXCR3 mAb was used, very low or no signal was observed, except of some infiltrating lymphocytes in active inflammatory diseases and some thymocytes (data not shown). To exclude the possibility that CXCR3 expression on endothelial cells from normal or inflamed tissues was due to some undetermined artifactual effect, CXCR3 mRNA expression was also assessed by using in situ hybridization in the kidney of three patients with glomerulonephritis. CXCR3 mRNA was clearly present at the level of endothelial cells from some vessels, as also demonstrated by combining in situ hybridization for CXCR3 and immunohistochemistry for vWF (Figure 2) .
CXCR3 mRNA and protein expression by primary cultures of HMVECs. To provide additional evidence that CXCR3 could be expressed by HMVEC, primary cultures of these cells were assessed for CXCR3 expression at level of mRNA and protein by using RT-PCR and Western blotting, respectively. As positive controls, cultures of activated T lymphocytes showing a Th1-polarized profile of cytokine production (18, 19) and primary cultures of HMCs (27) were also tested. Both CXCR3 mRNA (Figure 3a ) and protein ( Figure 3b) were clearly visible in all the three types of cells, with remarkably higher expression by stimulated Th1 lymphocytes. Western blot analysis also demonstrated that all the three cell types expressed the same immunoreactive product (Figure 3b ). The three cell types were then assessed for surface CXCR3 expression by flow cytome- try by using the same two anti-CXCR3 mAb's, which had been used in the immunohistochemical analysis. Both anti-CXCR3 mAb's stained remarkable proportions of both Th1 cells (> 90%) and HMCs (> 80%), but smaller percentages (5-25%) of HMVECs (Figure 3c) . However, the mean fluorescence intensity of positively stained cells was consistently higher with 498011.111 than with the 1C6 mAb (Figure 3c ). Taken together, these data suggest that even in vitro a small proportion of HMVECs express CXCR3 and that this receptor is better detectable on their surface by using the 49801.111, rather than the 1C6, mAb.
Preferential expression of CXCR3 during the S/G2-M phase of endothelial cell cycle.
To characterize the small population of CXCR3-positive HMVEC, an attempt was initially done to positively select this population by using the anti-CXCR3 mAb showing higher reactivity. However, despite repeated purification steps, when recultured for a few days, no more than 5-25% of positively selected cells showed CXCR3 expression. Moreover, CXCR3 expression was observed on about 30-40% of cells that were far to be confluent and showed high proliferation rate, whereas no more than 5-10% of confluent, growtharrested, HMVECs stained positive for CXCR3 (data not shown). These findings enabled us to hypothesize that CXCR3 expression by HMVECs was limited to a given phase of their cell cycle. To test this possibility, a double staining with FITC-conjugated anti-CXCR3 mAb and propidium iodide was performed on primary cultures of HMVECs, and the cells were then analyzed by flow cytometry. As shown in Figure 4 , the highest DNA content, as revealed by propidium iodide levels, was found in CXCR3-positive cells, suggesting that these cells were in S/G2-M phase. Moreover, blocking HMVECs in G2-M phase by their treatment with nocodazole, a disrupter of microtubules, resulted in a remarkable increase in the number of CXCR3-expressing cells ( Figure 5 ).
To support further the possibility that CXCR3 expression was mainly a property of cells in the S/G2-M phase of their cycle, HMVECs were synchronized in G0/G1 with contact inhibition and withdrawal of essential growth factors, whereas parallel cultures that were far to be confluent, were stimulated with bFGF. Expression of CXCR3 and cyclin A (which is mainly detectable in the S/G2-M phase) was simultaneously assessed on both cell cultures. As control, expression of both CXCR3 and cyclin A was also evaluated on HMCs. As shown in Figure 6a , cells synchronized in G0/G1 phase did not express CXCR3 or cyclin A. After bFGF stimulation, a remarkable proportion of cells expressed both cyclin A and CXCR3, whereas cyclin A-negative cells did not express CXCR3. By contrast, the presence of CXCR3 appeared to be independent from cyclin A expression in HMCs (Figure 6b ). When the same HMVEC cultures were assessed for the simultaneous expression of CXCR3 and cyclin B1 (which is mainly detectable in the late S and the G2-M phase), virtually all cyclin B1-expressing cells also stained positively for CXCR3. Taken together, these data provide convincing evidence that CXCR3 expression by HMVECs is limited to the S/G2-M phase of their cell cycle.
Dose-dependent inhibition of HMVEC proliferation by IP-10, Mig, and I-TAC, and blocking of their antiproliferative effect by anti-CXCR3 antibodies.
Based on these findings, the possibility that IP-10 had an effect on the survival and/or growth of primary HMVECs via their interaction with CXCR3 selectively expressed during the phase of cell proliferation was investigated. To this end, HMVECs were seeded at low density in medium plus 5% FCS, and 24 hours later they were incubated in new medium containing 5% FCS, without or with bFGF (5 ng/ml), and in the presence of different concentrations of IP-10 (10 pM-1µM). The addition of IP-10 induced a dramatic reduction of [ 3 H]thymidine incorporation by both HMVECs kept in the presence of 5% FCS and by cells stimulated with bFGF (Figure 7a) . In some cultures, the inhibitory effect of IP-10 on DNA synthesis could be observed even at lower concentrations (Figure 7b) . Moreover, IP-10 did not simply exert its inhibitory effect on DNA synthesis, but also affected cell proliferation, as shown by counting the number of viable cells found in parallel cultures after stimulation with bFGF in the absence or presence of different IP-10 concentrations (Figure 7b ). It is of note that IP-10 has been shown to have no inhibitory, but rather stimulatory, effect on the proliferation of HMCs (27) , which express CXCR3 in a cycle-independent way (Figure 6b ). The effect exerted on the bFGF-induced proliferation of HMVECs by Mig and I-TAC, another CXCR3-binding chemokine whose effect on angiogenesis is presently unknown, was also assessed. Both Mig and I-TAC also induced inhibition of endothelial cell proliferation, which was comparable to that exerted by IP-10 ( Figure 7, c and d) . By contrast, even high concentrations (1 µM) of SDF-1α, another CXC chemokine, whose receptor, CXCR4, is highly expressed on endothelial cells (28, 29) , and which shares with IP-10 and Mig the property to bind to HSPG (30), did not exert any inhibitory activity on cell proliferation (data not shown).
To provide definitive evidence that the inhibition of HMVEC proliferation induced by IP-10, Mig, and I-TAC was mediated by their interaction with CXCR3, the effect of anti-CXCR3 antibody on this phenomenon was assessed. The 49801.111 anti-CXCR3 mAb, which was able to inhibit the chemotactic activity induced by IP-10 on activated human Th1 cells (Figure 8a ), also significantly inhibited the antiproliferative activity induced on HMVEC by 100 nM IP-10 (Figure 8b ), although at 1 µM chemokine concentration the difference in comparison with the isotype control antibody was not more statistically significant (Figure 8b) . In subsequent experiments, we therefore compared the effect of anti-CXCR3 antibody on the antiproliferative activity induced on HMVECs by 100 nM IP-10, Mig, and I-TAC, as well as on that induced by TGF-β1, a CXCR3-unreactive cytokine. The anti-CXCR3 antibody also inhibited the antiproliferative activity of both Mig and I-TAC on HMVEC, whereas it did not affect the antiproliferative effect exerted on the same cells by TGF-β1 (Figure 8c ).
Discussion
Members of the CXC chemokine family are known to play an important role in the control of angiogenesis, that has been related to the expression of the sequence Glu-Leu-Arg (ELR) at their NH 2 extremity (11). In general, ELR chemokines (IL-8, GRO-α, ENA-78) bind to neutrophils and act as angiogenetic factors, whereas non-ELR chemokines (IP-10, Mig), which bind to lymphocytes, act as angiostatic factors (11) . Recently, however, SDF-1, a CXC chemokine that lacks the ELR motif and is chemotactic for resting T lymphocytes (8) , has also been shown to possess angiogenic activity (29) (30) (31) . The angiogenic activity of SDF-1 is mediated by its interactions with CXCR4, which is highly expressed on endothelial cells (29) (30) (31) . Accordingly, CXCR4-deficient mice exhibit cardiovascular defects due to the lack of vascularization (32) . The mechanisms that mediate the angiostatic effects of PF4, IP-10, and Mig are also still unclear (7, 11, 13, 33) . A functional receptor for PF4 has not yet been described, but this chemokine, as well as IP-10, exhibits high affinity for an HSPG-binding site that is widely expressed on different cell types, including endothelial cells (13) . Because these chemokines also share angiostatic activity, it has been hypothesized that PF4 and IP-10 exert their antiproliferative effects on endothelial cells via HSPG binding (13) . Accordingly, endothelial cell growth factors such as bFGF, VEGF, or IL-8 enhance the ability to signal through their specific receptor binding site by using heparin or HSPG (14) . Nevertheless, the inhibitory effect of PF4 on cell proliferation cannot be only dependent on HSPG, as this chemokine is also effective on EGFinduced endothelial cell proliferation, which does not require HSPG binding (16) . Furthermore, PF4 interaction with endothelial cells induces a transduction signal through an unidentified receptor that upregulates the cytoplasmic levels of the regulatory cyclin p21 Cip1/WAF1 (17) and induces cell synchronization in the S phase (16) .
A potential receptor responsible for the activity of IP-10 and Mig, CXCR3, has recently been cloned and characterized (18) . However, despite the fact that IP-10 and Mig exert their activities on several cell types (27, (33) (34) (35) (36) , the expression of CXCR3 has initially been described only on activated T lymphocytes, particularly those showing the Th1 phenotype of cytokine production (19, 22) . More recently, CXCR3 mRNA has been detected by Northern blot analysis in several nonlymphoid tissues of normal mice, suggesting that the expression of this receptor is not T cell-specific (20) . Accordingly, by using immunohistochemistry, we have observed high levels of CXCR3 expression on activated HMCs, which were also induced by IP-10 and Mig to go into proliferation (27) . Although detectable levels of CXCR3 mRNA have also been found in mouse endothelial cells (20) , other reports have excluded the presence of this receptor on human umbilical vein endothelial cell (HUVEC) cultures (29, 30) .
To overcome the problems related to the heterogeneity of HUVEC, as well as of other in vitro models of human cell cultures, in this study we have first assessed the expression of CXCR3 in human tissues by immunohistochemistry. Surprisingly, a small percentage of endothelial cells showed positive staining for CXCR3 in all tissues examined, which appeared to be mainly localized to endothelial cells of small vessels and was remarkably more frequent in inflamed and neoplastic than in normal tissues. This finding was confirmed at level of kidneys from patients with glomerulonephritis by demonstrating the presence of CXCR3 mRNA with in situ hybridization. Accordingly, when analyzed by RT-PCR and Western blotting, primary cultures of HMVECS showed both CXCR3 mRNA and protein expression, the immunoreactive product revealed by Western blotting being apparently the same present in activated Th1 lymphocytes and HMCs. Finally, by using flow cytometry, percentages of cultured HMVECs comparable to those observed in vivo in inflamed tissues stained positively for CXCR3. Of note, in both immunohistochemical and cytofluorimetric analyses, the 1C6 anti-CXCR3 mAb appeared to be consistently less reactive than the 49801.111 anti-CXCR3 mAb, although their antigen specificity was identical. This different sensitivity of the two antibodies might in part explain the difficulty to identify CXCR3 expression on endothelial cells, inasmuch as in the majority of studies the less reactive 1C6 mAb was used (22, (35) (36) (37) . Very recently, however, CXCR3 expression by microvascular endothelial cells was also reported by another group (38) .
The results of this study provide an additional and quite original explanation for the difficulty to detect CXCR3 expression on endothelial cells. We found indeed that these cells express CXCR3 only if they become activated and especially when they exhibit a high proliferation rate. More importantly, the simultaneous detection of both CXCR3 expression and cell cycle evaluation clearly demonstrated that the great majority of CXCR3-positive cells were in the late S/G2-M phase of the cell cycle. First, DNA synthesis was much higher in CXCR3-positive than in the CXCR3-negative fraction of HMVEC. Moreover, the number of CXCR3-expressing cells was remarkably increased by the treatment of cells with nocodazole, a disrupter of microtubuli, which blocked a proportion of the cells into the G2-M phase of their cycle. Finally and more importantly, CXCR3 was absent from HMVECs synchronized in the G0/G1 phase, whereas it became clearly expressed by bFGF-stimulated HMVEC staining positively for cyclin A and selectively associated with cyclin B1-expressing cells. These data strongly suggest that CXCR3 is selectively expressed in the late S and in the G2-M phases of the endothelial cell cycle. By contrast, no association between CXCR3 and cyclin A expression in stimulated cultures of HMCs was observed.
The relationship between CXCR3 expression and the S/G2-M phase of the endothelial cell cycle is of particular interest because this is the first chemokine receptor that appears to be expressed in association with a given cell-cycle phase. Moreover, this finding may provide a convincing explanation for the mechanisms involved in the angiostatic effects of CXCR3-binding chemokines. Luster et al. (13) described an IP-10-mediated inhibition of endothelial cell proliferation that was independent of apoptosis, but dependent of cell-cycle arrest (13) . In agreement with these findings, the results of our study clearly show that IP-10 was highly effective in inducing inhibition of endothelial cell proliferation. The effect started after 24 hours and became maximum after 48-72 hours, in accordance with the length of the cell cycle, which was about 48-60 hours under the experimental conditions used. To explain the IP-10-mediated inhibition of endothelial cell proliferation, Luster and colleagues (13) hypothesized the role for a specific HSPG, perhaps leading to a competition between IP-10 and bFGF on HSPG binding. However, in this study we demonstrate that not only IP-10, but also Mig and I-TAC, the other two chemokines sharing the property to bind CXCR3 with high affinity, acted as effective inhibitors of endothelial cell proliferation. More importantly, the anti-CXCR3 49801.111 antibody significantly inhibited the antiproliferative effect of IP-10, Mig, and I-TAC on HMVECs. Of note, the 49801.111 anti-CXCR3 antibody, used at the same concentration (10 µg/ml), also inhibited the chemotactic activity induced by IP-10 on human activated Th1 cells (see Figure 8a) , and it was found to completely block the GM-CSF-stimulated CD34+ progenitor chemotactic activity induced by both IP-10 and Mig (39) , but it did not affect the antiproliferative effect of TGF-β1, a cytokine that acts on the same cells by interacting with the TGF-β type 2 receptor (40) . Thus, the results of this study open new avenues for therapeutic interventions in all conditions in which an angiostatic effect may be beneficial. 
